Abstract-Wound rotor synchronous motors are gaining attention as an alternative to the permanent magnet-based synchronous motors for electric vehicle traction. Rotary transformers have been proposed for the field excitation of these motors to avoid the disadvantages of the slip rings and brushes arrangement. Conventional rotary transformers use small airgap and as a result can be limited in operating speed unless costly high precision manufacturing is used. This paper proposes a novel rotary transformer-based excitation system that overcomes these disadvantages. Modeling and analysis of the proposed system is provided. Simulation results using the developed model and PLECs shows very good agreement for fundamental frequency. Furthermore, a steady state study of the field excitation system using harmonic balance technique is carried out to show dependencies of the output controlled variables on the input variables in the presence of system parameter variations. With series resonant compensations, the open-loop control of the proposed excitation system is robust against variation of field winding resistance with temperature.
I. INTRODUCTION
Rotary transformers have been in use for several decades now [1] and have found applications in areas such as robotics [2] and aerospace [3] . Recently, they are being increasingly considered for use in the field excitation of synchronous machines [4, 5, 6] . A rotary transformer is a transformer with the primary and secondary windings able to rotate relative to each other, and the relative rotation does not interfere with the mutual coupling between the two windings (No motioninduced Back Electromotive Force in the windings). This makes the rotary transformer ideal for contactless rotor field excitation in Wound Rotor Synchronous Motors (WRSM), especially for electric vehicles (EVs) traction. In this application, using the conventional slip rings-brushes arrangement possesses the disadvantages of (i) high frictional losses across the brush contacts especially at high speed leading to reduced efficiency and potential overheating; (ii) winding contamination by dust and frequent maintenance requirement as a result of the wear of the brushes that leads to reduced reliability; (iii) cooling problem: most electric motors (EMs) in EVs are oil cooled with transmission oil [7, 8, 9] , and the sparking risk from the slip-rings and brushes poses a safety concern; (iv) size: an extra compartment have to be built for the slip rings-brushes arrangement leading to increase in motor size and lowering the power density. The rotary transformer on the other hand, has no physical contact and hence eliminates the need for frequent maintenance resulting from wear and tear because of friction. It can operate at high speed and under high vibration environments without producing friction power losses. Also, it can be integrated into the WRSM hence doesn't require as much extra compartment as the slip rings-brushes system. For EV traction application, desirable characteristics of the field excitation system includes, high speed capability, high efficiency, simple control and high power density. These characteristics depend to a large extent on the design of the rotary transformer. Conventional rotary transformers used for rotor excitation of WRSM have smaller air-gap (0.5mm) [4] , to maximize the coupling between the primary and secondary windings. This limits the operating speed unless costly precision manufacturing is used. Also, the rotors of the conventional rotary transformers have ferrite cores which are heavy. This poses a potential reliability issue at high speed due to high centrifugal stresses and the brittleness of the ferrite material. A new design of the rotary transformer that overcomes these disadvantages has been recently proposed [10] . This paper studies the WRSM field excitation system based on the new rotary transformer design. A circuit representation of the field excitation system is shown in Fig.  1 . It comprises an inverter supplied by a DC source. The output of the inverter is connected to the primary side of the rotary transformer. The secondary of the rotary transformer is connected to a full bridge diode rectifier whose output is connected to the field winding of the synchronous machine (represented by a resistive-inductive load in Fig. 1 ).
Although rotary transformers have higher coupling factors and reduced leakage inductances compared to other wireless power transfer systems, the need to push the limits in system performance for electric vehicle applications (high efficiency, compactness, better dynamic response [11] ) has led to consideration of compensation circuits for the rotary transformer-based field excitation system. Hence, three cases of resonant compensation are studied:
• 
II. EFFECT OF COMPENSATION ON THE PERFORMANCE OF THE ROTOR FIELD EXCITATION SYSTEM
This section describes the performance of the rotor field excitation system with and without resonant compensation. In part A, the proposed rotary transformer is described while part B provides the performance analysis.
A. Proposed Rotary Transformer
The proposed rotary transformer design is shown in Fig.  3 and was presented in a previous research paper [10] . Compared to the conventional design it has a larger mechanical air-gap (2mm) and even larger magnetic air-gap (15.27mm). Although the large air-gap reduces the selfinductance of the rotary transformer and thereby increases the magnetizing current, it would avoid costly precision manufacturing to tightly control the air-gap tolerance and will enable operation at high speed. By interleaving the rotor and stator windings, the leakage inductance is significantly reduced despite the significant increase in magnetic air-gap [10] . Moreover, the rotor is made of high strength, lightweight non-conductive and non-magnetic composite material. Thus, centrifugal stresses are low, and the rotor is mechanically robust and reliable at high operating speeds.
B. Scenario Study of the Rotary Transformer Based Field
Excitation System As mentioned previously, three cases of the field excitation system are studied. In case I the field excitation system is uncompensated, case II the field excitation system is compensated with a series capacitor on the primary side while in case three the field excitation system is compensated with series capacitors both on the primary and on the secondary sides. The circuit diagram of the different scenarios is shown in Fig. 4 . To study each scenario, the network block of Fig. 1 is replaced by the associated specific circuit from Fig.  4 . The inverter applies a square wave to the input terminals of the rotary transformer at a frequency of . Where the transformer is compensated, the capacitor (s) are chosen so that the resonance frequency is equal to the switching frequency of the inverter.
(1) Figure 2 shows the waveform of a typical voltage applied to the input terminals of the transformer. The angle is the phase shift angle between the legs of the inverter and can vary from to with being the situation where no power is transferred from the dc source to the field winding and to the situation where maximum power is transferred from the source to the field winding. For the scenario studies, is adopted, while the input voltage to transfer a power of 10kW to the field winding is determined. This condition gives the minimum voltage to transfer 10kW to the field winding in each case. The parameters of the field excitation system are given in Table I . The input power factor, efficiency and peak steady state field winding voltage are determined. Studies show that the minimum input dc voltage for a 10kW output power for the uncompensated case I is 580V and 145.5V for the case II and case III. Also, the input power factor is much lower for the case I ( ) compared to case II and case III which have an input power factor of 0.861 and 0.894 respectively. Case I has the advantage that system variables do not have peak transient values that are significant and hence devices do not require a lot of protection. Moreover, because it is not compensated, the additional component count (ACC) is zero compared to case II which has an additional component count of 1 and case III with an additional component count of 2. It however requires a much higher input dc voltage (more than 3 times the other cases). Furthermore, the low input power factor also means a higher apparent power and hence the power devices in the inverter need to have higher ratings compared to case II and case III. Although, case I requires higher input voltage, it applies the least steady state peak voltage (510V) to the field winding for 10kW output power compared to case II and III (915V). Between case II and case III there is no significant difference. The power factor is slightly lower for case II compared to case III however, case III has two additional components one of which must be place on the rotating part. From the mechanical point of view, having a compensation capacitor on the rotating part constitutes a disadvantage especially at high operating speeds. Hence, case II is determined as the best of the three scenarios. In the next section, the mathematical model is developed, and a dynamic and steady state studies of the field excitation system are carried out.
III. MODELING AND STEADY STATE ANALYSIS
In this section, the mathematical model of the primary and secondary compensated field excitation system is developed and the case for only primary compensation and no compensation is easily deduced from this 'general' model. the developed model is compared with PLECs simulation of the system to verify accuracy of the model. Harmonic balance technique is then employed to extract a model of the system suitable for steady state studies. Furthermore, steady state studies are carried out assuming reasonable variation in system parameters. The results of the steady state studies will provide insights about the possible ways the system can be controlled.
A. Dynamic Model
The model is derived by representing the rectifier and field winding arrangement with an equivalent resistance. The field winding inductance is assumed large enough such that at steady state, the current is constant and hence the voltage drop across the field winding inductance is zero. To represent the rectifier field winding combination as an equivalent resistance, the voltage input into the rectifier is assumed to be sinusoidal while the current input into the rectifier is assumed to be a square wave with a peak value which is equal to the field winding current value. The average component of the field winding voltage is used for the determination of the equivalent resistance of the rectifier field winding combination and the second harmonic component has been neglected. then
Hence, and
Now for a square wave, the rms fundamental component of the current is given by: 
is the peak value of the voltage applied to the rectifier, is the voltage across the field winding, is the field winding current and is the determined equivalent resistance of the rectifier-field winding arrangement. The dynamic model of the field excitation system in which the rectifier-field winding arrangement has been replaced by the equivalent resistance is thus given by (6) to (10) . It should be noted that the rotary transformer has been replaced by its circuit model consisting of the magnetizing branch and the primary and secondary leakage inductances. Also, the operator, represents time derivation.
The system of (6) to (9) is simulated using MATLAB/Simulink and the results are compared to the ones from PLECS simulations of Fig. 1 . The results are shown in Fig. 5 for the general case in which both sides are compensated. The inverter phase shift angle to transfer 10kW power to the field winding is determined and used for the study. The dc bus voltage is 200V. The system parameters are given in Table 1 . Figure 5 shows that at the fundamental
frequency, the system model of (6) to (9) accurately represents the field excitation system of Fig. 1 .
B. Steady State Analysis
The variables of (6) to (9) are periodic and in the steady state, their derivatives are non-zero. The harmonic balance technique is used for the steady state studies of the system. Figure 5 presents the waveforms of the variables and shows that the system can be analyzed in terms of the fundamental components of the variables. Hence the following definition is made: (10) Where is the phasor of the peak value of , is the phasor of the peak value of , is the phasor of the peak value of , and is the phasor of the peak value of . From Fig. 4 , the fundamental frequency component, of is given as: (11) Hence (12) Substituting (10) and (12) into (6) - (9) and applying the harmonic balance technique, 
Where, and At steady state, where Therefore (13) to (16) The steady state analysis uses the system parameters of Table I . For EV traction application, the temperature of rotor winding is expected to vary significantly causing a corresponding variation in the resistance of the field winding. Other system parameter like the capacitance of the compensating capacitor will vary with the temperature too. Despite these variations, the secondary current of the excitation system must stay constant to ensure that the field winding produces a constant flux. Regulation of the secondary current is challenging though because current measurement on the rotating secondary side is impractical. There are available control methods that rely only on the primary variables [12, 13] . However, a rotary transformer design that enables an open loop control of the excitation system is desirable because of a reduced component count and hence a better power density of the overall system. The control variable in the field excitation system is the phase shift angle , hence the effect of the variation of the system parameters and control variable on the system variables will be analyzed. A temperature change of is considered to account for the worst case of extreme cold and extreme heat. The temperature variation of resistance is given by (25) is the resistance at is the resistance at is the temperature coefficient of resistance and is the change in temperature. For a field resistance of at 20 o C, a temperature change of corresponds to a field resistance range of . For cases I, II and III, Figure 6 to Figure 8 show the variation of primary and secondary currents as function of the inverter phase shift angle and the field winding resistance. Figure 6 shows the results for the case where there is no compensation. In Fig. 6 , it is worth noting that for a DC bus voltage of 200V, the rms value of the secondary current is very low even for an inverter phase shift angle of 180 o . The minimum DC bus voltage for a 10kW output power was calculated to be 580V for case I. The 200V DC bus voltage was however used to allow comparison with the other cases. Figure 7 is for the case where there is series compensation only on the primary side (case II), while Figure 8 is for series-series compensation on both the primary and secondary sides (case III). Figure 6 shows that the secondary current is sensitive to the changes in the field winding resistance when there is no compensation. With compensation, however, the secondary current is insensitive to the variation of the field winding resistance over a temperature range of . This means that it is possible to maintain the secondary current constant and hence the excitation flux despite possible variations in the field winding resistance. These results were verified by full circuit simulations in PLECs. Figure 9 presents the verification results. The variation in the rms value of the secondary current with field winding resistance is plotted at different specific values of the control variable . The insensitivity of the secondary current to the load resistance observed for the cases of II and III means that the field excitation system based on the proposed rotary transformer can be controlled open-loop with the phase shift angle to operate at a given DC field current if other system parameters remain constant. This is however not possible when there is no compensation.
Besides, the effect of change in the capacitance value of the compensating capacitors was analyzed for the case where only the primary side is compensated. Figure 10 shows the variation of the primary and secondary currents with respect to capacitance of the compensating capacitor. There is a noticeable sensitivity of the secondary and the primary currents to changes in the capacitor value. Hence, capacitor technologies with high thermal stability are desirable for compensated rotary transformer-based field excitation systems. 
IV. PROTOTYPES AND TEST RESULTS
Rotary transformer prototypes were designed and built to serve as a proof of concept for the proposed novel rotary transformer and to confirm that it is capable of transferring 10kW power to the field winding of a WRSM. The field winding is emulated with a resistive-inductive load. Because the field winding inductance is high (estimated to be over 1 H), its size and weight are significant. Hence, physically spinning the load at high speed would involve significant mechanical challenges and complicate the design of the test setup. For this reason, it was decided to mount two identical rotary transformers on the same shaft and connect their rotor windings through rotating connections inside the shaft, making it possible to use a stationary resistive-inductive load. Figure 11 shows the assembled rotary transformer prototypes, while Fig. 12 shows the test setup.
The inductances of the stator and rotor windings of the two rotary transformer prototypes were measured and found to be in good agreement with the calculated values, as shown in Table II . The slightly higher measured stator self-inductances are due to the leakage inductances of the leads. Also, the parameters measured on the two rotary transformers are consistent.
Finally, Fig. 13 shows the power transfer test results with series-series compensation on both the primary and secondary sides and under open-loop control: 10.7 kW was transferred through the two rotary transformers with an efficiency of 95.9% and an input power factor of 0.91. This confirmed that the rotary transformers were able to transfer the 10 kW power they were designed for. It is worth noting that the system was stable during the tests at various power levels, and the transferred power was steady despite the temperature variation in the resistive load. 
V. CONCLUSION
This paper has presented a detailed dynamic and steady state studies of the rotary transformer-based field excitation system which can be applied to the excitation of a wound rotor synchronous machines. Dynamic model of the system was developed and the simulation results using this model showed good agreement with PLECs software at the fundamental frequency. Furthermore, using harmonic balance technique, a system model suitable for steady state studies is obtained and an exhaustive steady state study of the system is carried out. For the case where there is compensation either on the primary side alone or on both the primary and the secondary sides, the system showed no sensitivity to changes in the field resistance meaning that a constant flux can be produced by the field winding despite changes in field resistance by open loop control. Therefore, the field excitation system based on the proposed rotary transformer design can take advantage of compensation circuits both to transfer more power and to make the openloop control stable and robust. Moreover, resonant compensation of only the stationary part of the rotary transformer is found to be sufficient to ensure robustness. This is an important finding since the integration of the compensation capacitor into the rotating part is mechanically challenging. Such control method is not possible under the uncompensated case.
While there was insensitivity to changes in field winding resistance, there was noticeable sensitivity to changes in the compensating capacitor capacitance. Therefore, capacitor technologies with high thermal stability are desirable for the compensation circuit.
Finally, testing of proof-of-concept prototypes has confirmed a power transfer capability of 10.7 kW at 95.9% efficiency. The system was stable during the tests at various power levels, and the transferred power was steady despite the temperature variation in the resistive load.
